Abstract-Communications systems operating in the millimeterwave (mmWave) and terahertz (THz) band have been recently suggested to enable high data-rate vehicle-to-vehicle (V2V) communications in 5G and beyond wireless networks. However, massive deployment of such systems may lead to significant interference, affecting the performance of information transmission. While the multipath interference caused by the signal reflections from the road has been extensively discussed in the literature, the interference caused by the vehicles on the side lanes has been insufficiently studied so far. In this paper, using a combination of measurement, simulation, and analytical methods, we comprehensively characterize the interference from the side lanes in two typical deployments including highway and urban road environments for millimeterwave and low terahertz bands. Both the multipath interference and direct interference from the transmitting vehicles on the side lanes are taken into account. As a result of our study, we reveal that: the interference from the side lanes can be well approximated using two-dimensional stochastic models without any significant loss of accuracy; and even when highly directional antennas are used there are special spatial configurations, where the interference may greatly affect the performance of the communication systems. We lately apply the developed models to estimate the signal-tointerference ratio and link capacity of mmWave/THz band V2V communications.
collective sensing with high-resolution radars and cameras by (semi-)autonomous vehicles [4] [5] [6] , connectivity to in-vehicle infotainment systems [7] , [8] , as well as data offloading from the user devices [9] . While the emergency messages exchange over the microwave band is to be implemented already in the next generations of vehicles [10] , the latter applications require substantially higher data rates than existing microwave solutions can provide in realistic deployments [11] [12] [13] [14] .
Motivated by the abovementioned applications, the community nowadays develops the V2V communications solutions, operating over the millimeter waves band (mmWaves, such as 60 GHz, 77 GHz, and 79 GHz [15] [16] [17] [18] ) and also starts to explore the low terahertz (THz) band, in particular, 275-325 GHz [19] , as a resource for the future systems. The abovementioned frequencies are characterized by GHz-wide spectrum and, thus, higher capacity [20] . At the same time, they simultaneously call for the need to use directional antenna systems to compensate the greater propagation losses and maintain the desired communication range [21] , [22] .
Following the evolution of communications systems, the future vehicles will feature communications modules operating in mmWave/THz frequency bands allowing to exchange massive amounts of data between each other and with the network infrastructure. However, the ubiquitous use of such systems may lead to a significant level of interference. While for the offloaded user traffic the net result is just the lower quality of experience, the loss of the emergency or cruise control messages might put human lives in danger [23] , [24] .
There have been many studies, analyzing the interference in V2V communications systems with directional antennas. For instance, the inter-carrier interference in V2V communications has been characterized in [25] , [26] , however, neither the interference from other vehicles nor the mmWaves/THz specifics have been taken into account. The pure measurement-based study of interference in visible light V2V communications using headlights was conducted in [27] . The model of interference proposed in [28] focuses exclusively on IEEE 802.11p protocol, operating at 5.9 GHz, and, therefore, is not applicable either. There are also several specific models proposed to characterize the multipath interference caused by the signal ground reflections in mmWave V2V communication systems, including [29] , [30] and many more, however, the interference caused by the 0018-9545 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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vehicles on the side lanes is not taken into account. Summarizing, to the best of the authors' knowledge, the analytical model for the interference caused by the vehicle on the side lanes in V2V communications that simultaneously takes into account (i) the directivity of antennas, (ii) mmWave and THz waves propagations phenomena, and (iii) the specifics of vehicular deployments have not been proposed yet.
In this paper, we perform the link-layer analysis analysis of mmWave and THz communications systems with directional antennas operating in V2V environment focusing on the interference, signal-to-interference ratio (SIR), and link capacity as the major metrics of interest. To achieve this goal, first, an extensive measurement and simulation campaigns are carried out to investigate the mmWaves/THz waves propagation in typical V2V scenarios. Starting with the measurements of 79 GHz and 300 GHz reflection and scattering losses from typical vehicle materials, the study continues with ray-tracing of V2V communications with directional antennas. This hybrid measurement/simulation framework allows us to characterize the mmWave/THz waves propagation in the vehicular scenario and prioritize the critical effects to be taken into account for the interference modeling. Particularly, we reveal that interference caused by the vehicles on the side lanes can be well approximated by a 2D stochastic process, while the majority of 3D components can be ignored without the loss of accuracy. We then use these results to develop analytical models for interference in highway and urban deployments and finally present with the link layer performance analysis.
The main contributions of the work are:
r Analysis of interference from the side lanes in mmWave/THz V2V communications with directional antennas: Focusing on the most important propagation effects, two analytical models for the interference in mmWave/THz waves V2V communications with directional antennas are developed. Both models incorporate the direct interference from the side lane vehicles as well as the interference caused by the multipath due to the signal reflections from the vehicle bodies. The first model is designed for the typical highway scenario, where the distances between vehicles rarely change. The second one is applicable to the urban case, where the distances between the vehicles are random. To the best of the authors' knowledge, this is the first study presenting the measurements-grounded analytical models for interference from the neighbouring vehicles in mmWaves/THz V2V systems with directional antennas.
r Capacity analysis of mmWave/THz V2V communications in the presence of interference: The developed analytical models are further used in the link layer performance evaluation of V2V communications in mmWaves and THz bands. In particular, the link capacity for both 79 GHz and 300 GHz systems is estimated, taking the interference, noise, and the directivity of antennas into account. The comparison between the two bands is performed. Advantages and shortcomings of 79 GHz and 300 GHz bands with respect to the interference and noise effects on the link capacity are illustrated. The rest of the paper is organized as follows. Section II introduces the V2V scenarios, path loss, and antenna models. The details of the performed measurements and ray-based simulation campaigns are given in Section III. The analytical models for interference are developed in Section IV, while the numerical results are discussed in Section V. Conclusions are drawn in the last section.
II. SYSTEM MODEL
In this section, we first introduce the V2V scenarios of interest including highway and urban ones, capturing their specifics. Then, we cover the path loss and antenna models used in the further analysis. Finally, we provide the overview of the proposed methodology.
A. Scenarios and Deployment
We consider a straight segment of road with three lanes, each with width r = 3.2 m. The considered three-lane segment is occupied with typical size vehicles of dimensions S × R × H (4 m × 1.6 m × 1.8 m) for the length, width, and height, respectively. All the vehicles are assumed to be positioned in the middle of their lanes and equipped with directional antenna systems on the front and rear, so they can establish direct frontto-rear and rear-to-front communications with the neighbouring vehicles [12] . We consider two deployments: r Deterministic (highway) scenario: In this scenario, the distance between the Tx and Rx vehicles on the central lane is constant and equals to the inter-vehicle distance, D. The distance between vehicles on the side lanes, W , is also constant. The ratio between W and D can be of any value, thus, modeling different road conditions. This scenario is typical for rural areas and highways [31] , [32] .
r Stochastic (urban) scenario: In this scenario, we concentrate on communications between two arbitrarily chosen neighboring vehicles moving along the central lane. The distance between any two vehicles on any lane is random. The distributions of D and W are the same and follow an exponential distribution with parameter λ. This scenario is typical for traffic jams and urban areas. For the sake of simplicity, the buildings and any other obstacles that may potentially appear in the scenario are not modeled. In both scenarios, the saturated traffic from all the vehicles is assumed, providing the upper bound for the interference level. Although we concentrate on the worst-case interference conditions by considering the link performance on the central lane, the presented analysis is applicable to the vehicles on the side lanes as well. The deployment is shown in Fig. 1 . 
B. Path Loss at Millimeter/Terahertz Frequencies
The distinguishing feature of mmWaves/THz propagation is the presence of the molecular absorption loss [33] , [34] . The loss is caused by molecules having unique absorption spectrum making the wireless channel frequency selective. The link budget for the received power spectral density (psd) is
where f is the operating frequency, d is the distance between the Tx and the Rx, S T x (f ) stands for the transmitted signal psd, L A (f, d) represents the absorption loss, and L P (f, d) is the propagation loss. The absorption loss is defined as [35] 
where τ (f, d) is the transmittance of the medium following the Beer-Lambert law,
is the overall absorption coefficient of the medium available from HI-TRAN database [36] . Thus, the received signal psd is
where A is the coefficient depending on S T x (f ) and the antenna model. We derive this coefficient in the following section.
C. Antenna Model
Following [37] , we adopt the "cone" model as an approximation of the antenna radiation pattern. In this model, the directivity of the transmitter is taken into account considering the coverage zone to be cone-shaped, as shown in Fig. 2 . This model is an abstraction assuming no side lobes and constant power at a certain separation distance from the transmitter. To parameterize it, we need to provide the coefficient A [38] .
The surface area of a wavefront for cone model is given by
where S T x refers to the Tx power spectral density, S Rx (f, d) refers to the power density at the wavefront,
and α is the antenna directivity angle. According to free-space propagation loss model, the psd at the wavefront is
leading to the following expression for A
D. Methodology Overview
The mmWave/THz waves propagation in realistic environments is characterized by a number of phenomena including reflection and diffuse scattering from various objects in the channel. To avoid overcomplicating the analytical models, we initially investigate which particular phenomenon notably affect the link-level performance in the described V2V scenarios. To achieve this goal, in Section III-A we first perform a measurement campaign, report and analyze the characteristics of mmWave/THz wave reflection and scattering from the materials inherent for vehicle bodies including aluminium, glass, and hard plastic.
Using the measured data, in Section III-B, we simulate the realistic V2V communications scenario with our custom raytracing simulation tool evaluating the contribution of different signal components to the total amount of power, both useful (signal) and harmful (interference), received by the Rx vehicle. Based on both the measurements and simulation results, we identify the critical effects of the mmWave/THz waves propagation in V2V communications scenario to be further incorporated in our analytical models.
The interference analysis in the deterministic (highway) scenario, as well as derivation of the associated link-level performance metrics including SINR, spectral efficiency, and capacity, is presented in Section IV-A. The similar study focused on the stochastic (urban) scenario is given in Section IV-B. The methodology is summarized in Fig. 3 .
III. REFLECTIONS AND SCATTERING FROM THE VEHICLES
In this section, we parameterize the system model for V2V communications using mmWave and THz band. First, we use the real measurements campaign to derive reflection/scattering paths gains off the the conventional vehicle materials. Then, using the ray-tracing simulations, we isolate the critical multipath components affecting interference level at the target receiver. These components will be later used in the developed analytical models.
A. Measurement Campaign
The mmWave/THz communications in V2V scenarios are characterized by the special effects that may not exist in conventional open space deployments. Particularly, even in absence of interference from other vehicles, the useful signal at the receiver (LoS component) may be affected by the multipath components, reflected and scattered from the vehicles on the neighboring lanes. Thus, the open space propagation model, presented in Section II alone is non-sufficient for interference analysis and needs to be complemented with the reflection and scattering losses from the vehicle bodies.
To characterize the mmWave/THz waves propagation in V2V scenario, a measurement campaign was conducted. The target parameters were the reflection and scattering losses of the most common materials found on the exterior of modern vehicles: (i) aluminium, typical for wings, hoods, roofs, and door, (ii) tempered glass, typical for windows and headlights and taillights, and (iii) hard plastic, commonly used in the bumpers, door moldings, side skirts, and fenders. The measurements for both 79 GHz and 300 GHz were performed on a single setup consisting of (see Fig. 4 ): (i) a mmWave/THz band measurement platform, (ii) a single transmitter and a single receiver, placed 20 cm from each other, (iii) three samples of different materials 3 mm thin each, (iv) several holders, and (v) a marked-up map for accurate angular measurements.
The measurement campaign has been performed in three stages. First, the signal attenuation was measured for all three materials as a function of the angle of incidence and the 3D angle of reflection/scattering. Then, the reference signal attenuation for the LoS path of the same distance was measured. Finally, to estimate the relative signal loss, caused exclusively by the reflection and scattering, the signal attenuations measured during the first stage were scaled with the reference signal attenuation, measured at the second stage. This method, by design, gives us the extra signal attenuation as a function of the selected material and three 2D angles (the angle of incidence and the angle of reflection/scattering in two planes), which is further used in the ray-tracing simulator.
To measure the signal losses, we used the TeraView TeraPulse 4000 [39] platform, based on THz time domain spectroscopy (THz-TDS). In this device, the full time domain detection window consists of multiple short time duration windows, determining the resolution time and, thus, the accuracy of the frequency-dependent metrics. The signal amplitude in this device is detected in one short window at a time. By repeating this step, while delaying the reception, the full time domain signal is captured. In our measurement, we set the resolution time to 100 fs and composed the received signal from 10 4 samples. Consequently, the total detection window was slightly over 1 ns. To reduce the noise level, the results were averaged over 100 trials for all the combinations of angles. The received time domain picture was then translated to the frequency domain to estimate the signal attenuation at different frequencies. As the total bandwidth of the transmitted pulse in TeraView TeraPulse 4000 is 5 THz, the abovementioned set of parameters leads to the frequency resolution of around 1 GHz, which gives a sufficiently accurate picture for our study.
Due to the spatial limitations of the setup, the measurements were made only for the angles from 35
• to 75
• . This range is sufficient as the smaller angles of an incident to the side lane vehicles are not usually observed when directional antennas are used. Moreover, the substantial signal attenuation at higher angles makes the contribution of such paths negligible.
The examples of the measurement results for 79 GHz, illustrating the reflection and scattering attenuations of the glass, plastic, and aluminium, are shown in Fig. 5 . Aluminium is, expectedly, the best reflector of the three selected materials with the reflection loss been in the order of 0 − 2 dB, regardless the angle of incident. At the same time, the attenuation, when the transmitter angle is different from the receiver angle (scattering loss), is substantially higher. On the contrast, the rest two materials are characterized by a significant dependency between the reflected path gain and the angle of incident. The reflection loss for glass increases from 0 dB to ≈ 10 dB from 35
• , while the plastic sample almost stopped reflecting any notable 
amounts of energy after 50
• , while the difference between the reflection loss at 35
• and 75 • raises to ≈ 22 dB. Analyzing the results for 300 GHz, presented in Fig. 6 , we notice that this frequency is characterized by larger losses for both reflection and scattered rays, while the qualitative behavior is mostly similar. The aluminium sample is nearly unaffected by the incident angle with approximately 0 dB path gain at 35
• angle, and decreasing to −3 dB at 70
• . The same figures for the glass report −2.5 dB and −13.2 dB path gains for the reflected rays with 35
• and 75
• angles of incident, respectively. The corresponding path gain values for hard plastic are −7.3 dB and −14.6 dB.
B. Ray-Tracing Assessment
To understand the contribution of LoS, reflection and scattering paths into the received signal strength we now present the results of ray-tracing simulations for different distances between the transmitting and the receiving vehicle, surrounded by other vehicles on the neighboring lanes.
The commercially available ray-tracing simulators do not allow for parameterization of the considered scenarios with the measured attenuation coefficients. Most of them also do not take into account scattering of orders higher than one. For this reason, we have developed our own ray-tracing simulator, supporting both abovementioned features. The simulator is written in C++ and is able to simulate around 1.5 billions of rays per minute, thus, enabling simulation of second-and third-order scattering within a reasonable time. The algorithm is based on the surface tessellation to miniature segments of the size comparable to the wavelength. Each of these segments is considered as either a point receiver for the incoming ray and a point transmitter for the outgoing ray. The simulator captures all the possible ray geometries, attenuates each of the ray energies with both propagation loss and reflections/scattering losses and, finally, aggregates all the received rays to compare their impact in terms of the received power.
In this study, we analyze the "worst-case" scenario, simulating communications in dense V2V traffic conditions in saturation. The distance between the vehicles on neighboring lanes is constant and set to W = 1 m, while the distance between the Tx and Rx vehicles, D, is also constant, but ranges from 10 m to 25 m. The combination of large distance between Tx and Rx vehicles and the low distance between vehicles on the neighboring lanes leads to the substantial amount of possible multipath routes. The scenario is illustrated in Fig. 7 , while the simulation parameters are shown in Table I . Both transmitter and receiver are located on the typical radar positions, i.e., the transmitter is on the vehicle front bumper and receiver is placed on the other car's back bumper. The altitude of both is 0.2 m. The vehicles are assumed to be 4 m long and 1.6 m high. To allow for more reflection and scattering rays, the vehicles on the neighboring lanes are at 0.2 m and 0.3 m offsets from the transmitting car. Both Tx and Rx antennas are assumed to be 30
• wide, which results in ≈ 17.8 dB gains, following the antenna pattern from Section II. The transmit power is assumed to be equal for both bands and set to 20 dBm. The vehicle side is approximated with a rectangle that starts at 0.2 m altitude. It is made of plastic from 0.2 m to 0.3 m, then, from aluminium between 0.3 m and 1.1 m, and, finally, from glass for 1.1 m to 1.6 m. Although in real scenarios the dimensions and shape of vehicles might vary, the considered "average" scenario provide the first-order approximation for mmWaves/THz propagation allowing to assess the importance of propagation phenomena.
The obtained received power for different distances between Tx and Rx are shown in Fig. 8 . As one may observe, while the first-order reflection is present for all the distances, the secondorder reflection appears only for the largest one. The reason is that for the considered antenna angle of 30
• , the minimal distance for the second reflection to appear, D min , is
where r = 3.2 m is the lane width, and α is the antenna angle. For values of D, the second-order reflection from the side lane vehicles is not feasible. Similarly, the first-order reflection may appear starting from D ≈ 12 m. The second observation from Fig. 8 is that, regardless of the distance between Tx and Rx, even in the dense scenario with many scattered rays, the aggregated contribution of scattered rays is significantly smaller than that of the reflected paths.
The presented results allow to make the following conclusions: (i) the LoS component is the strongest for all the considered separation distances between Tx and Rx, (ii) the diffuse scattering does not provide any noticeable effect on the received energy, (iii) the energy coming from the first-order reflections is notable and has to be taken into account in both urban highway scenarios, (iv) the contribution of second-and higherorders reflections has to be considered only in highway scenario, when the distance between the Tx and Rx vehicles is large, and (v) the abovementioned conclusions are equally applicable to both 79 GHz and 300 GHz center frequencies.
The performed ray-tracing simulations allowed us to significantly simplify the system models for both urban and highway scenarios, avoiding the need for analytical modeling of the rays, scattered from the side lane vehicles. Thus, only the LoS and the first-order reflection will be considered in the urban scenario analysis, while the higher order reflections will also be taken into account in the highway scenario. Moreover, the substantial difference between the LoS component and the reflected rays motivates us to simplify the analysis even further and consider only the LoS components in the aggregated interference from the side lane vehicles.
IV. INTERFERENCE IN MMWAVES/THZ V2V SYSTEMS
In this section, we develop the analytical models for both the highway and urban scenarios in mmWave/THz V2V systems. The metrics of interest are the mean interference, SINR, spectral efficiency, and link capacity estimation.
A. Deterministic (Highway) Scenario Analysis
In this section, we develop the analytical model for interference in highway scenario with constant distances between the vehicles. We first estimate the mean multipath interference, caused by the reflections and then analyze the mean interference from the other side lane vehicles. Finally, we derive approximations for the mean SINR, spectral efficiency, and link capacity.
1) Multipath Interference:
Recalling that the scattering field is much weaker compared to reflected paths, multipath interference is mostly caused by nth-order reflections. Observing the structure of the multipath interference in the considered scenario one could notice that the presence of reflections depends on the distance D, and antenna angle α. There could be at most two reflections of order n. Thus, the multipath interference is a piecewise continuous function of D. Below, we first determine the distances such that the nth order reflections may exist and then estimate their probabilities.
Observing Fig. 9 (a) we see that for the first reflection to exist the following needs to be satisfied
where α is the antenna angle. In general, if the following holds
there could be up to n reflections. The traveled distance of the first-order reflection is
The nth-order reflection traveled distance is Note that (9) is not sufficient for reflections to exist. Indeed, for the nth order reflection to exist, there should be vehicles reflecting the signal at certain places. To take this effect into account we observe that the side lane vehicles are not perfectly aligned on their lanes. The fraction of line on left and right lanes "covered" with vehicles is q = S/(S + W ). Due to the randomness in the alignment of vehicles, the probability of having a first-order reflection from left and right lanes is: (i) independent due to independent shifts of the left and right lanes with respect to the central lane and (ii) happen with probability q. Note that the presence of the second-order reflections depends on the fact whether there exist the first-order reflections. However, taking into account the abovementioned randomness in the positions of vehicles, the probabilities of having an nth-order reflection can be approximated by q n . Observe that this probability depends on the antenna directivity angle α and is conditioned on the distance between communicating vehicles obtained in (9) . Thus, in spite of the constant distance between Tx and Rx, D, the multipath interference is a random variable. Its mean value can be found as
where k is a coefficient accounting for attenuation due to reflections. The values of this coefficient depend on the operational frequency, type of the vehicle material, the angle of incidence, and the angle of reflection. The numerical value of this coefficient is obtained via field measurements and is shown in In addition, the model can be extended to account for difference densities of cars on the neighbouring lanes. Here, one needs to account for different probabilities of reflections both neighbouring lanes, q L and q R . Thus, (12) extends to
2) Interference From Other Vehicles: The vehicles on the side lanes do induce interference to the Rx via LoS paths if and only if the distance between them, W , is less than R/2 tan α. Otherwise, the signal is reflected/scattered in reverse direction. From now on we concentrate on the case W > R/2 tan α and estimate the interference induced by the LoS paths only as their contribution is much stronger compared to reflected paths. The interference caused by reflections can be calculated similarly to the previously presented multipath interference analysis. We also neglect the interference caused by reflected paths from vehicles behind Tx as its contribution is expected to be low due to substantial pathloss.
Consider Fig. 9(b) and define CB as the interference interval for the Rx on the left lane. This segment contains the vehicles producing interference via direct LoS path between them and Rx. In Fig. 9 (b) these vehicles are labeled as 2 and 3. This interference interval is the minimum of two segments C B and CB, where the starting point of the former is dictated by the distance between vehicles on the side lanes, W , while the latter is defined by the distance between Tx and Rx, D.
Consider first C B. The farthest point C , where vehicles on the side lane may produce interference via LoS paths is defined by the angle γ = tan −1 (R/2W ). Observe that ||C B|| = ||C D|| − ||BF ||. The latter component is readily given by ||BF || = r tan(π/2 − α), while the distance ||CF || is
where R is the width of a car.
Combining the latter results we get
and simplifying, we arrive at
The distance ||CB|| is obtained similarly, i.e.,
providing the interference interval as min(||C B||, ||CB||).
To address the worst case interference case we assume that the first interfering vehicle is located at point B. The number of vehicles falling into the interference interval is given by
where · is the floor function, S is the length of a car. The interference path lengths are now given by
The interference caused by other vehicles is
3) Link-Level Performance Metrics: The mean of the total interference can be obtained as the sum of multipath interference provided in (12) and interference created by other vehicles obtained in (20) , that is,
E[I] = E[P I ] + E[I]
The mean value of SINR is then
where N (B) is the total thermal noise.
Consider the spectral efficiency, U , and link capacity, C,
To obtain moments of U and C we need the distribution of SINR. However, using the Taylor expansion approximation of g(x) and f (x) we can show that
where g (i) and f (i) denote ith derivatives of f (x) and g(x), respectively. Thus, the first-order approximations for mean spectral efficiency and link capacity can be obtained as (25) where B min and B max are the minimum and maximum frequencies of the channel such that B = B max − B min , E[S(f )] is the mean SINR value corresponding to frequency f . Deriving the second moment of interference one can improve the accuracy of approximation by including the second moment in (24) .
B. Stochastic (Urban) Scenario Analysis
Consider now the stochastic (urban) scenario. Recall that according to our assumptions the distance between any two vehicles on any lane, W , is a random variable. The interference analysis for this case is much more complicated. Indeed, the distances V i , i = 0, 1, . . . , n affecting the contributions of LoS and nth reflected paths components are now random variables. In addition, the number of vehicles providing interference as well as distances V i , i = 0, 1, . . . , are all random variables as well and they depends on the random distance between communicating vehicles. Thus, to address the stochastic case we need to obtain the joint distribution function of M + 2N + 1 components, where M is the number of reflections, N is the number of vehicles contributing to the interference. Thus, in what follows, we reply upon the series of approximations to provide estimates of the mean performance metrics.
1) Useful Received Signal Strength and Multipath Interference:
Following our assumptions, the probability density function (pdf) of the distance between communicating vehicles is exponentially distributed with parameter λ = 1/E[W ]. To obtain the LoS contribution we use the random variables (RV) transformation technique [40] . Observing that AD −2 e −K D is the function of a single RV, the density of URSS is written as
where
is the inverse function. The inverse of y = φ(x) = Ae −K x x −2 has two branches
where Θ(·) is the Lambert function [41] . The modulo of derivative of the branch of interest is
Substituting (28) and (27) into (26) we get URSS pdf as
that can now be used to estimate the mean URSS, E[P ].
2) Multipath Interference: Consider now the multipath interference, caused by the first-order reflection, P I . The first reflected path may exist only if W ≥ 2r/ tan α. Consider the pdf of multipath interference conditioned on the event {A : W ≥ 2r/ tan α}. To obtain the joint distribution of the distances D and D 1 observe that D 1 is related to D as
The inverse function of (30) 
The joint pdf of D 1 and D is then
Once the joint pdf is found we determine the Jacobian of the transformation f (y 0 , y 1 
Then, the joint pdf of P and P 1 is obtained according to [40] . The partial derivatives for this transformation are given by
and, thus, the Jacobian takes the following form
The mean multipath interference can now be obtained as
where f P ,P 1 (x, y) is the joint pdf of P and P I .
3) Interference From Other Vehicles:
We now approximate the interference produced by other vehicles by taking into account the interference caused by the LoS paths neglecting the reflected components. Recall that the interference interval in deterministic scenario is min(||C B||, ||CB||), where the coordinate of C and C are determined by the blocking of LoS by the vehicle of the left or right lanes of the or by the Tx. In stochastic case, the interference interval is fully determined by the distance between Tx and Rx [42] , [43] . When D follows exponential distribution, according to [40] , the length ||CB|| is obtained as
resulting in the following density
Once the distribution of the interference interval is obtained, we proceed with determining the number of vehicles producing the interference. Recall that the number of points in any closed interval of length L of the Poisson point process with intensity λ follows Poisson distribution with parameter λ||CB||. Although the intervals between vehicles are assumed to be exponentially distributed, the process of vehicles is not Poisson due to their non-infinitesimal lengths, S. To obtain the number of vehicles producing interference we thin the original Poisson process of centers of vehicles using the coefficient p
and assume that the resulting process of vehicles is Poisson with intensity pλ. Thus, the number of vehicles falling into interference interval of length ||CB|| is Poisson with intensity pλL. Since ||CB|| is random with pdf provided in (37) we have the following for the probability of having k vehicles in an interference interval
that can be computed numerically. Since vehicles on the left and right lanes are assumed to be positioned independently this result holds for both lanes. Finally, we have to determine the interference distances V i , i = 1, 2, . . . . Since there is no straightforward way to determine their distributions we assume that the all V i shares the common interference distance ||AE||, where the point E is the center of the segment ||CB||. The rationale behind this approach is that choosing this approximations the contributions of vehicles with different distances evens out. The mean value of ||CB|| is obtained numerically from (37) and the common interference distance is then
Now the interference created by LoS paths is written as where we have two components in the brackets to take into account the effect of both lanes. Recalling that ||AE|| is the function of the mean of a random variable ||CB|| and, thus, constant, the only random variable is N . Rearranging the terms in (41) as
where N + N is the sum of two discrete random variables representing the number of interfering vehicles whose mass function has been obtained in (39) . Taking expectations from the both sides of (42) the mean interference created by LoS components is readily given by
4) Link-Level Performance Metrics: Once the mean values of URSS, E[P ], multipath interference, E[P I ], and interference from other vehicles, E[I]
, are obtained, the link level performance analysis follows the procedure described for the deterministic case. Particularly, we first obtain the mean SINR, E [S] , and the proceed approximating the mean special efficiency, E[U ], and the mean capacity E[C] using the Taylor series approximation according to (25) .
V. NUMERICAL RESULTS
In this section, we first characterize the interference level in both highway and urban scenarios in Sections V-A and V-B, respectively. We also validate our models from Section IV using the ray-tracing simulations. Then, we report on the difference in link performance between the 79 GHz and 300 GHz systems in Section V-C.
A. Interference in Highway Scenario
Consider first the mean interference in highway scenario as a function of antenna angle illustrated in Fig. 10 . The mean multipath interference is presented in Fig. 10(a) , while the mean interference from the concurrent transmissions is given in Fig. 10(b) . To illustrate the qualitative behavior of the interference and reduce the amount of plotted data, we analyze the highway scenario focusing exclusively on 300 GHz band. The 79 GHz system shows the qualitatively similar picture. In what follows, we particularly concentrate on the worst-case interference from side lanes, appearing when W << D.
Analyzing Fig. 10(a) , one can notice a "step function" with two jumps in the mean multipath interference level as the antenna directivity angle increases. These jumps correspond to the appearance of to the first-and second-order reflections at the Rx. The multipath interference level is zero for the small antenna angles as no reflections are feasible at the selected distances between Tx and Rx. The first-order reflection appears at the antenna angle of α = tan
, which equals to 45
• and 26
• for D = 10 m and D = 15 m, respectively. After this point, the multipath interference remains constant until the second-order reflection becomes feasible, which happens at 81
• and 60
• for the distances of 10 m and 15 m, respectively. For the selected range of D we do not see any contribution of the third-and beyond order reflections, thus, the mean multipath interference remains constant. Moreover, as one may observe, the contribution of the second-order reflections is much less compared to the first-order reflections as both the power and the probability of at least one of them appearing are significantly smaller. Based on these facts, we conclude that a good estimate of the multipath interference can be obtained already with the first-order reflections only as the relative difference between first-and first-plus-second reflections is around 3%. We also observe that the mean multipath interference is larger for the smaller values of D, as the reflected components are less attenuated. In addition, the multipath interference is, expectedly, higher for denser traffic in the neighboring lanes, as the small distance between the side vehicles increases the chances of reflections to appear.
The mean interference from the other vehicles versus the antenna directivity angle is presented in Fig. 10(b) . For small values of antenna angle, the interference is zero as all the possible interference paths are blocked by the next vehicle in the lane. However, for antenna angles starting from 45
• for W = 2 m and W = 1 m, respectively, the interference appears, since the interfering components are no more blocked by the vehicles' bodies. After this point, the interference starts growing being simultaneously affected by three contradictory trends. On one side, the greater antenna directivity angle leads to higher chances of the vehicle on the next lane to interfere with the transmission of interest, moreover, the greater the antenna directivity angle, the relatively shorter becomes the average path for the interfering component. At the same time, the growth of the average interference is partly suppressed by the fact that the greater the antenna directivity angle is the lower is the relative gain, so the smaller fraction of energy will be transmitted to a given direction. Due to this suppression, the interference starts growing slower with the values of the antenna directivity angle becoming close to 180
• . There is also a small jump from zero to a non-zero positive value around 45
• for W = 2 m and W = 1 m, due to the fact that the process of average interference growth with the antenna directivity angle is smooth only assuming that the vehicles' bodies are transparent. In more realistic set of assumptions, as the ones incorporated in our work, the smooth growth of average interference is also affected by the "step function"-shape blockage, totally cutting the interference from neighbor lanes for antenna directivity angle smaller than a certain value.
Note that the mean interference from the other vehicles is almost two orders of magnitude higher than the multipath interference level. Therefore, we conclude that in the presence of notable interference from the other vehicles, the multipath interference effect can be totally excluded from consideration in highway scenario. One may also notice a good match between the modeling and ray-based simulation results for both multipath interference and aggregated interference from the other vehicles. Thus, in the following discussion on highway scenario, we will rely on the model results only.
Having revealed the principal structure of interference in highway scenario, we now proceed illustrating its special effects. Fig. 11(a) shows the mean interference in dBm as a function of the distance between vehicles on side lanes, W . Observe that the mean interference from the other vehicles does not depend on the distance between vehicles on the central lane, D, for all values of W , while the mean multipath interference, expectedly, does. Secondly, the interference from the other vehicles has a maximum value, where the interfering transmissions have, in average, relatively high chances not to be blocked by the neighboring vehicles and, at the same time, they are initiated not very far from the Rx vehicle. For 90
• antenna the maximum is at W = 3 m, while for both 120
• and 150
• angles it is at less than 1 m.
The received power for LoS component, multipath interference due to reflections and interference from other vehicles as a function of the distance between Tx and Rx vehicles, D, is shown in Fig. 11(b) . As one may observe, the signal relative power, expectedly, decreases with distance. Since the reflected components need to travel longer distances and the corresponding incident angles increase, the net effect is greater losses for LoS and the multipath interference components. This illustration also highlights the points, where the multipath interference starts to appear, that is, multipath interference is zero until 1.2 m, 2 m, and 4.2 m for 150
• , 120
• , and 90
• , respectively. We also see that the curves change their behavior around 8 m, where the second-order reflections become feasible. The mean interference level slowly grows with the distance for all three angles until it reaches the maximum level. This level is defined by the point, where the interfering signals are blocked by the Tx car. In this case, even though it is theoretically feasible to have an infinite number of interfering vehicles on side lanes, the aggregated contribution of vehicles located far behind the Tx vehicle is marginal, as the distance between them and the Rx vehicle also grows.
B. Interference in Urban Scenario
We now proceed with the numerical characterization of the interference in the urban (stochastic) scenario. Due to space constraints, we do not present the individual contributions of multipath interference and the interference from the other vehicles. In Fig. 12(a) , we focus on the total interference at the receiver as a function of the antenna angle and the density of traffic. As one may notice, the total level of interference in urban scenario also grows with the antenna angle. However, as opposed to the highway scenario featuring a number of jumps, the curves are now smooth. The reason is that both the appearance of certain reflections, as well as the distances of interference paths, are now probabilistic.
The mean value of inter-car distance, W , characterizing the traffic density, plays an important role in the total interference picture. Depending on the traffic density, the total interference at the receiver could be up to 10 dB different for 79 GHz system. For instance, it grows from −55 dBm to −47 dBm for the antenna angle of 60
• . However, the same difference for the 300 GHz system is just 4 dB, as the signal at these frequencies is much more attenuated with distance. Generalizing these conclusions, we notice that the traffic density affects the behavior of the 300 GHz system much less in the entire range of the antenna angles, while the total interference level is around 10-15 dB lower than for 79 GHz, as the signal at 300 GHz is not only affected by higher path loss but is characterized by higher reflection losses, estimated in Section IV.
We now continue with Fig. 12(a) , presenting the mean value of signal-to-interference ratio as a function of antenna angle. Analyzing this figure, we first observe the match between the curves for 79 GHz and 300 GHz setups. This observation follows the expectations as the SIR metric, by design, shows the ratio between the received signal strength and the interference. Both useful signal and interfering signals propagate in identical environments, therefore, the frequency-dependent components cancel each other out. More importantly, this figure illustrates that even in the stochastic scenario, in the presence of interfering nodes the increase of the distance between the transmitter and the receiver requires narrower beams to guarantee the same level of link quality. For instance, 10 dB SIR is achievable with 90
• angle at the distances of around 1 m, while for 5 m and 10 m range the angles should be not greater than 60
• and 50
• , respectively.
Finally, similar to the highway scenario, we observe a close match between the analytical and simulation results, confirming the accuracy of the developed model.
C. THz vs. mmWaves for V2V Communications
Utilizing the developed analytical models, we now proceed characterizing the interference and noise effects on the link capacity. We assume that the 79 GHz system use 1 GHz bandwidth, while the 300 GHz system operates over much wider 50 GHz spectrum. The Tx power is equal for both systems and set to 20 dBm.
We first focus on the urban scenario. Fig. 13 (a) presents the mean link capacity for the considered communications system as a function of the average distance between the Tx and Rx vehicles as well as the average distance between the vehicles on the side lanes, E[W ]. We incorporate both the effects of multipath interference and interference from other vehicles as well as the thermal noise. Analyzing the results, we observe a clear advantage of 300 GHz band over 79 GHz band for the considered range of communication distances (0 m to 20 m), which we believe are realistic for dense urban environments.
As the values of SIR are close, as shown in Fig. 12(b) , and the received signal strength for both frequency ranges is still notably greater than the thermal noise level, the 300 GHz system clearly outperforms the competing 79 GHz one in terms of the link capacity due to 50 times wider bandwidth.
Continuing with the highway scenario, Fig. 13(b) presents the mean link capacity for the considered communications system as a function of the distance between the Tx and Rx vehicles, D, as well as the distance between the vehicles on the side lanes, W . Here, we limit the capacity curves to the SIN R ≥ 10 dB regime only, as high link capacity is useless if it is difficult to utilize it due to the poor channel quality. Comparing the urban and highway scenario, we have to admit a notable advantage of the former due to the lower level of interference from other vehicles, see Fig. 12(a) versus Fig. 11(a) , which results in greater link capacity, see Fig. 13 . Also, on the contrary to the highway scenario, mean SIR never dropped lower than 10 dB threshold for the considered range of communication distances (from 0 m to 20 m).
As one can observe from Fig. 13(b) , the reliable link distance for 300 GHz system is limited to 34 m, while the same value for 79 GHz can easily exceed 100 m. At the same time, 300 GHz system has greater capacity due to the wider bandwidth and lower level of interference. On the contrast, the 79 GHz system expects notable interference after D ≈ 5 m as the concurrent transmissions at the side lanes are no longer blocked by the vehicles. As expected, the denser scenarios lead to worse performance for both 300 GHz and 79 GHz systems. The performed comparison clearly illustrates that the millimeter wave systems operating at 79 GHz is preferred for the long-range communications (especially on the highways), while the 300 GHz solutions are better suited for shorter-range bandwidth-greedy applications in more dense environments.
VI. CONCLUSION
In this paper, using the results of the measurements campaign and relying on the tools of stochastic geometry, the analytical models for interference caused by the vehicles on the side lanes in mmWave/THz V2V communications have been formulated for both highway and urban scenarios.
Our results indicate that interference from the side lanes in the considered deployments can be well approximated by 2D stochastic models. In addition, the interference level in the analyzed configurations greatly depends on the angle of the antenna radiation pattern. Particularly, for angles greater than 40
• , the interference caused by the vehicles on the side lanes become a critical issue that has to be taken into account. On the contrary, for angles smaller than 20
• the interference in dense deployments of vehicles is typically marginal even in the absence of the interference mitigation techniques.
The presented study characterizes a notable source of interference in V2V communications and estimates its implications on the link layer performance of mmWave/THz band V2V communication systems, thus, providing an important step towards the comprehensive characterization of the interference picture in 5G and beyond vehicular networks.
